Double labelling experiments with 14C and 32p suggest that the movement of phosphate from leaves is largely determined by the movement and demand for carbohydrate within the plant and not by the phosphorus requirement of the sink.
I. INTRODUCTION
For some time it has generally been conceded that the pattern of phosphorus movement from leaves closely follows that of sugars, via the phloem, to the nearest regions of most active growth (Colwell 1942; Chen 1951; Biddulph 1956;  Wanner and Bachofen 1961;  Ho and Peel 1969) , and that the speed of movement is also similar (Biddulph and Cory 1957;  Bachofen and Wanner 1962) . The implications of this association are important, not only in nutritional studies, but also in relation to the mechanism of translocation.
In most experiments using radioactive tracers the movements of the two isotopes, 14C and 32P, have been examined independently, and not enough attention has been given to a detailed comparison of the factors controlling distribution of both metabolites simultaneously from a single leaf. It is still not clear whether the apparent similarity in movement occurs by chance in response to a demand for both phosphorus and sugar by the growing organs, or whether the movement of these two metabolites is more closely linked.
In the present experiments a detailed examination was made of the pattern of movement of 14C-Iabelled photosynthetic assimilates and foliar-applied 32P-Iabelled phosphate from a single leaf in wheat plants, during the period of most rapid grain development. In addition, treatments which should differentially alter the demand for either carbohydrate or mineral ions such as phosphorus, for example by leaf shading, were included to provide information about the factors regulating the specificity of metabolite movement from source to sink.
Although there have been several studies of 14C assimilate distribution and speed of movement at this stage of growth (Stoy 1965; Wardlaw 1965; Rawson and Hofstra 1969) there is little information on the distribution of 32P-Iabelled phosphate, and preliminary experiments were made with this tracer before double-labelling experiments were performed.
There is general agreement that 14C-Iabelled photosynthate is largely translocated in the form of non-reducing sugars, and more specifically sucrose in wheat (MacRobbie 1971; Wardlaw, unpublished data) . Although there is considerable evidence for the movement of inorganic phosphorus through the phloem in plants (cf. Ziegler 1956; Biddulph and Cory 1957; Bieleski 1969) , the identification of phosphoryl choline in phloem sap by Maizel et al. (1956) and the incorporation of phosphorus into ATP and fructose 1,6-diphosphate in phloem exudates of yucca and willow (Kluge et al. 1970; Becker et al. 1971) indicate the need to identify for individual species the form in which 32p is being translocated in the phloem.
II. MATERIALS AND METHODS

(a) Cultural Conditions
Wheat plants (Triticum aestivum cv. Gabo) were grown singly in perlite in 5-in. pots. Air temperatures were controlled at 21°C for 8 hr of the daylight period and at 16°C for the remainder of the 24-hr cycle, and natural day length was extended to 16 hr by low-intensity incandescent lamps. All plants were supplied with standard nutrient solution in the morning and with water each afternoon. Tillers were removed 5 weeks after sowing, and again at anthesis, but at the latter time two small tillers were left. Experiments were made on plants at 15-20 days after anthesis, and plants were transferred to an artificially lit (L.B.H.) cabinet (Morse and Evans 1962) at least 48 hr before the start of an experiment. The relative humidity was maintained at 80 % within the cabinet, and the temperature held at 21°C for the 16-hr light period and at 16°C during the 8-hr dark period. Light intensity in the cabinet was 3500 f.c. (100 Wm-2 visible).
(b) 32p Determinations
For leaves to be treated with 32P-Iabelled phosphate the upper surface of the leaf was gently rubbed at its mid-point with a O' 5 % solution of Tween 20. A 10-ftl droplet containing 25 mM NaH232P04 was applied to the centre of the leaf to give a total activity of 2 ftCi per plant. At harvest the treated lamina was usually discarded, but in preliminary work the uptake of 32p was measured by washing the leaf with 30 ml of 0 . 2 % Teepol, plating aliquots of the washings on to planchets, and counting the dried samples in an end-window gas-flow Geiger-Millier counter. At harvest the plant was separated into component parts, which were dried and weighed, and the radioactivity of each was determined by counting powdered 30 mg aliquots, following the procedure described for 14C in previous papers (O 'Brien and Wardlaw 1961; Wardlaw 1965 ) and used for 32p by McWilliam and Kramer (1968) . Counts were corrected for background and decay.
The speed of 32p movement was measured by continuous monitoring of individual plants with a sealed Geiger-Millier tube at different fixed points on the flag leaf sheath and peduncle, following the application of 32p to the flag leaf blade.
In order to determine whether the 32p was moving as inorganic phosphate, or in an organic form, the sheath and stem tissues were ground in liquid nitrogen and then extracted in hot (80°C) 80 % ethanol for 1 hr followed by a second extraction in hot 20 % ethanol for 30 min. The two extracts were combined and made up to volume (20 m!) for preliminary counting. Comparison with the residual material showed that 85-95 % of the total 32p in the tissue was extracted by this procedure.
Chlorophyll was removed from the extract by separation with chloroform. The cleared extract was then shaken with Dowex 50 to remove any cations likely to interfere with the chromatographic separation of phosphorus. Neither the chlorophyll separation nor the Dowex 50 treatment significantly reduced the count rate of the extract. The extracts were then run on either descending Whatman No. 1 paper chromatographic strips, using isobutanol-ethanol-water-28 % ammonia (30 : 30 : 39 : 1 v/v) as solvent, or on ascending DEAE-cellulose paper cylinders using 0'6M ammonium formate at pH 3 as solvent. In both cases ATP, phosphorylcholine (P-choline), fructose 1,6-diphosphate (FDP), glucose I-phosphate (GP), and H3P04 or NaH2P04 were run concurrently as markers, either alone or in combination with unlabelled extracts. The location of phosphorus was determined by spraying the chromatogram with ammonium molybdate followed by ultraviolet irradiation (Thomson 1960) , and the distribution of radioactivity was determined with a Packard radiochromatogram strip scanner. A further estimate of the proportion of 32p in inorganic orthophosphate was made by selective precipitation of calcium phosphate by the addition of CaCb and NaHC03 to the cleared extract at pH 8'0 (Lipmann and Tuttle 1944) . The difference in counts before and after precipitation was used as an estimate of the amount of [32Pjphosphate.
(c) 14C Determinations
The supply of 14C02 to plants and the analysis of the distribution and speed of movement of 14C-labelled assimilates were similar to the methods described previously (Wardlaw 1965 (Wardlaw , 1967 . In these experiments, to determine the speed of movement of the 14C profile through the flag leaf sheath and the peduncle, the flag leaf blades of nine plants were simultaneously fed 14C02 (75 !-'Ci of 14C) for 10 min and subsequently individual plants were harvested at 1O-min intervals over the first 60 min from uptake, and then at 20-min intervals over the next 60 min. At harvest the sheath and stem were cut into 4-cm lengths for drying and direct determination of surface activity with the gas flow Geiger-Miiller counter. As in previous work the time of arrival of the 14C profile at any position was taken as the time at which half the peak activity was obtained (Wardlaw 1965) .
(d) Double Labelling Experiments
When plants were supplied with both 14C and 32P, leaves were first exposed to 14C02 for a 20-min period and then treated with 32P043-. At harvest (24 hr following labelling) the plants were cut in the usual way into component parts, dried, weighed, and 30-mg aliquots prepared for counting. Each aliquot was counted twice, and on the second occasion a polythene disk was placed over the sample. This reduced the count by screening a proportion of the f3-rays emitted by the 14C, but did not affect the detection of f3-rays associated with the 32P. Thus the subsequent analysis of the differential counts enabled the samples to be separately assayed for 14C and 32P.
III. RESULTS
(a) Preliminary Experiments with 32p
The uptake of 32p by the flag leaf blade was found to be rapid and almost 80 % of the applied 32p was absorbed within 6 hr. After 24 hr there was a 90 % uptake of the 32p applied, but most of the 32p was still retained at the site of application, and only a small change in export was needed to cause a large variation in the amount of 32p exported from the leaf blade. Figure 1 illustrates the movement of 32p to two points, one on the blade 8·2 cm distal to the uptake area and one on the sheath 15·3 cm proximal to the uptake area. To assess whether the labelled phosphorus was moving in the xylem or the living tissue, the flag leaf blade just below the uptake area was steam-killed in half the plants 1 hr before applying the 32P. Accumulation of 32p at the tip of the leaf was rapid and independent of steaming, presumably occurring in the xylem with the transpiration stream, while movement to the sheath was almost totally inhibited by steaming. In this, and also in other experiments, maximum 32p activity in the sheath occurred in about 2 hr. The distribution of 32p from the flag leaf with time is presented in Table 1 .
The initial distribution of 32P, after 1 t hr, largely represents phosphorus in transit, and there was a large concentration in the stem both above and below the flag leaf node. The lower stem and root maintained similar proportions of phosphorus with time, whereas the initial high proportions in the top and second internodes and the flag leaf sheath rapidly declined as the ear accumulated phosphorus. After 24 hr 57 % of the 32p leaving the flag leaf blade was present in the ear, the major part of which was located in the developing grains. The first and second internodes were lesser sinks for 32p (approx. 12 %) and as much as 10 % of the exported phosphorus was recovered from the tillers. The failure to observe any marked accumulation of 32p in mature transpiring organs such as the glumes suggests that transport to the ear was occurring in the phloem and not through the xylem, thus confirming the initial steam-killing experiment.
A further experiment examined separately the influence of ear shading, grain removal, and a period of phosphate stress (imposed by defoliating the lower leaves and watering with phosphate-free nutrient solution for 14 days prior to treatment), on the distribution of 32p from the flag leaf blade. The results are given in Table 2 and show that only when the grains were dissected from the ear (24 hr before 32p application) was there any major change in the pattern of phosphate distribution. This treatment removed the major sink for both phosphorus and carbon within the plant and only a trace of 32p was recovered from the ear. The tracer moved from the flag leaf to the other parts of the plant in greater proportion than in the control, but especially to the tillers, which increased their proportion of the exported phosphate from 2 to 46 %. This treatment also affected the movement of phosphorus from the flag leaf blade as the amount of 32p recovered from the rest of the plant was considerably reduced compared to 'the control treatment. Overall there was a greater proportion of 32p accumulated by the ear than in the previous experiment (Table 1) , a variation often found with 14C, and attributable to variation in the demand for flag leaf metabolites by the ear, because of seasonal differences in plant growth in the glasshouse. Distance from start (cm) Ii'. """""·"",,,""""' ,d Pi 1"""""","i"""",' "",1 GP I}i"""",' ,,",q P-choline indicated the presence of inorganic phosphorus, and coincided with the Rp of marker phosphate, as well as the peak of activity when labelled phosphate was run in conjunction with an unlabelled extract. Activity in the extract was quite distinct from markers such as ATP, FDP, GP, and P-choline which have been considered as possible forms of mobile phosphorus. The slower running prominent phosphorus component of the extract, identified by its molybdate reaction, coincided with the FDP marker, but as this had only small amounts of label the similarity was not pursued any further. Chromatographic separation of extracts using Whatman No.1 paper strips, although giving much poorer separation than the DEAE-cellulose paper, did confirm that extracted 32p was largely inorganic. Based on a comparison of activity under the major peak with the total activity on a DEAE-cellulose paper chromatogram; inorganic 32p represented 90 % of the sheath total and about 72 % of the top internode total. Selective precipitation of phosphate as its calcium salt, by the addition of CaCh to the extract at pH 8 ·0, also confirmed the chromatographic evidence, with estimates of about 91 % for the sheath and 85 % for the top internode as inorganic 32P.
(c) Concurrent Applications of 14C and 32p
Two treatments, the injection of metabolites into the cavity of the top internode (peduncle) and shading of the flag leaf and top internode, were employed to vary the demand for phosphate or carbohydrate by the ear from the flag leaf or penultimate leaf respectively.
Preliminary work showed that metabolites could be readily injected into the top internode and that 32p was transported from this site to the ear and flag leaf. Thus in the first experiment the effect of internode injection of four treatments made up of 0·5 % agar containing one of the following-5 % sucrose, phosphate at similar osmotic potential (2·6 % Na2HP04), mannitol as an osmoticum at 2·6 % or sucrose and phosphate together, and water agar as a control-were compared with respect to the distribution of 14C-Iabelled assimilates and 32P-Iabelled orthophosphate from the flag leaf blade. 1 ml of solution was injected into the top internode and supplied 5·7 mg of phosphorus, which represents about 16 days supply to the ear (cf. Rijven 1964), or 50 mg of sucrose which is just less than 1 day's supply. The internodes were injected 4 hr before supplying the plants with 14C02 for 20 min, after which the 32P04 3 -droplet was applied. Plants were harvested after 24 hr and there were five replicates for each treatment.
The results are presented in Table 3 and show that in the controls the ear received only 40 % of the 32p exported from the flag leaf, but the second internode accumulated more than in the previous experiments (22·5 % of the exported 32P).
Overall, the pattern of distribution of 14C-Iabelled assimilates and 32P04 3 -was similar for the control and mannitol treatments but, following the injection of sucrose to the top internode, the pattern of distribution of 14C-assimilates from the flag leaf was altered, with less 14C recovered from the ear and slightly more from the second internode and the tiller and crown. However, although the distribution of 32p to the ear was not affected, accumulation in the second internode was reduced and more 32p accumulated in the roots. The distribution of both 14C and 32p was affected similarly following the phosphate injection treatment, and less activity was recovered from the ear and correspondingly more from the tillers. When both sucrose and phosphate were supplied to the top internode the distribution of both isotopes was greatly changed, but in a similar manner. Only 10 % of the 14C and 32p was recovered from the ear, and the second internode and tillers each imported 25-30 % of the radioactivity, and became major sinks for metabolites exported from the flag leaf blade. None of the treatments significantly affected the total export of labelled metabolites from the flag leaf blade. In the shading experiment the flag leaf (sheath and blade) and top internode were enclosed in aluminium foil 24 hr before the supply of 14C02 and 32P04 3 -to the penultimate leaf, as in the previous experiment. In this experiment all the tillers were removed from the plants and 24 hr were allowed for the distribution of 32p and 14C. The results are given in Table 4 and show that the distribution of the two isotopes was very similar in the control plants. The lower stem region plus the crown and roots imported just over 50 % of the radioactivity and were the major sink for metabolites exported from the penultimate leaf. Shading greatly altered the pattern of distribution of metabolites within the plant, but the 14C and 32p were similarly affected. The ear became the major sink for assimilates and phosphate in the shaded plant and was supplied with almost 90 % of the metabolites exported from the pen-ultimate leaf, while the lower stem region plus roots received only 5 % of the exported radioactive compounds. The shading also greatly increased the total radioactivity translocated from the source leaf blade, with a 74 % increase in 32p and an 81 % increase in I4C. ... Culm between ear and second leaf shaded.
(d) Speed of I4C and 32p Movement
The upper part of Figure 3 illustrates for a single plant, monitored with a Geiger-Muller tube, the change in level of 32p with time at two different points on the top internode, separated by a distance of 17 em, following application of 32p to the flag leaf blade. Extrapolation of each line to zero activity suggests that the 32p traversed the 17 cm in about 20 min, i.e. at 51 cm hr-I.
The lower part of Figure 3 illustrates the approach with I4C, where it was necessary to measure surface activity on harvested samples. Nine plants, from the same group as those used for phosphorus measurements, were labelled in the flag leaf blade with I4C02 and harvested at various times from uptake. The change in I4C-activity with time is shown for three different positions on the top internode, each separated by 12 cm. The time of arrival of the I4C profile at each point has been based on the time of half peak activity, and gives an estimated speed of I4C movement through the top internode of 60 cm hr-I .
The calculated speeds of both I4C and 32p are summarized in the following tabulation: These speeds are similar for both the flag leaf sheath and top internode. Although no error term could be obtained for 14C movement, some indication that the variation will not be great can be seen from Figure 3 where each profile is based on the analysis of nine plants.
Extrapolation of the 14C profiles to zero activity, as was done with 32P, did not greatly alter the estimates of speed of movement of 14C through the sheath and top internode. There is good evidence that in many plants phosphorus is distributed to the leaves from the roots in the transpiration stream as inorganic phosphate (Bieleski 1969) and subsequently is redistributed to other parts of the plant via the phloem (Williams 1956; Greenway and Gunn 1966; Levi 1968) , although there is still some discussion as to the form in which phosphorus is phloem mobile. Two observations from the present experiments provided indirect evidence that phosphorus was exported from wheat leaves through the phloem. Firstly, steaming inhibited the movement of 32p out of the flag leaf blade, and secondly, only low levels of radioactivity were detected in transpiring. mature photosynthetic tissue such as the flag leaf blade (Table 4 ) and glumes of the ear (Table 1) even though these were in close proximity to the supply of 32P. Also the present work on wheat supports the more detailed observations made by Bieleski (1969) with pumpkin that 32p was largely translocated from the leaf as inorganic phosphate.
Foliar-applied 32P-Iabelled phosphate was rapidly taken up by the flag leaf blade of wheat and predominantly exported to the ear, the major sink of the plant, as well as to all other parts. This pattern of distribution of 32p to actively growing regions closely follows that described for other species (Nakamura 1956 ; Koontz and Biddulph 1957; Prokofyev and Sobolev 1957; Linck and Swanson 1960; Wanner and Bachofen 1961) . When the source-sink relations were altered by grain removal there was a reduced export of 32p from the source leaf, and almost half of the isotope was translocated to the tillers and crown, where only a trace of radioactivity had been recovered from control plants. Changes in distribution and translocation from the source leaf following experimental treatments have also been reported for 32p by Wilson and McKell (1961) and Sosebee and Wiebe (1971) , when plants were subject to water stress, but there seems to have been few specific studies, if any, on source-sink relationships and inorganic ions.
The distribution of 14C assimilates and 32P043-from a single leaf was similar, and further suggests that the majority of the phosphate was translocated in the phloem with the sugars. In general, manipulations of the source-sink relationships, designed to alter the requirement for either sucrose or phosphate, had little differential effect on either the export or distribution of the two metabolites. The only treatment to have a significant differential effect was the injection of sucrose into the top internode, and this reduced the amount of 14C assimilates moving into the ear in 24 hr, but had no effect on 32p movement. This difference, which was small, was not confirmed in subsequent unpublished work. The total amount of sucrose injected into the stem was less than a 24-hr supply for the ear, and it is possible that the differential effect could have resulted from differences in the timing of tracer export from the leaf. 32p movement generally lagged behind that of 14C and also showed a much longer period of loading. In all other cases, where the pattern of metabolite distribution was altered following the experimental treatments, both 32P04 3 -and 14C-Iabelled photosynthate were affected and showed a similar response both for distribution and export of isotope from the source leaf. The evidence, particularly that relating to movement from the penultimate leaf in response to shading, does suggest that the movement of the minor component, in this case phosphate, was controlled by the demand for carbohydrate and sugar movement and was apparently independent of the supply and demand for phosphorus. Other anions such as Cl-, S04 2 -, and 2,4-D appear to move in the phloem to actively growing organs (Crafts 1971) , but their association with sugar movement, except perhaps in the case of 2,4-D, is not as well documented as for P043-.
The speed of movement of 32P-Iabelled phosphate was found to be similar to that of 14C assimilates, again emphasizing their close association. Thus any proposed mechanism of translocation would appear to have to account for the movement of an inorganic anion such as phosphate, not chemically bound, but moving at similar speeds to neutral sugar molecules, and probably governed by the sink for carbohydrate. MacRobbie (1971) has pointed out the difficulty in accommodating the movement of anions such as P04 3 -in a mechanism of electro-osmosis, regulated by the recycling of potassium ions. Also the similarity of movement of two or more substances through the phloem has been used as an argument in favour of the mass flow of solution through sieve tubes (Crafts 1971) , although this is not restricted to the pressure flow mechanism proposed by Munch.
